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One of the primary challenges of our time is to enhance global food production and security.
Most assessments in agricultural systems focus on plant yield. Yet, these analyses neglect
temporal yield stability, or the variability and reliability of production across years. Here we
perform a meta-analysis to assess temporal yield stability of three major cropping systems:
organic agriculture and conservation agriculture (no-tillage) vs. conventional agriculture,
comparing 193 studies based on 2896 comparisons. Organic agriculture has, per unit yield, a
signiﬁcantly lower temporal stability (−15%) compared to conventional agriculture. Thus,
although organic farming promotes biodiversity and is generally more environmentally
friendly, future efforts should focus on reducing its yield variability. Our analysis further
indicates that the use of green manure and enhanced fertilisation can reduce the yield
stability gap between organic and conventional agriculture. The temporal stability (−3%) of
no-tillage does not differ signiﬁcantly from those of conventional tillage indicating that a
transition to no-tillage does not affect yield stability.
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Continuing population and consumption growth will meanthat the global demand for food will increase for at leastanother 40 years1–3. It is, thus, a key challenge to enhance
food security. This requires a multifaceted global strategy at all
scales, from farm to global level, including factors, such as
reducing food production limits, reducing temporal yield varia-
bility, reducing food waste and changing diets4. Moreover, stable
food production will be a greater challenge under a changing and
less predictable climate5.
In addition to the challenges of enhancing food security, there
is a growing recognition that agriculture must produce more
sustainably. Intensive conventional agriculture has more than
tripled yield in the last century1–3. However the use of pesticides
and mineral fertilisers in conventional agriculture often has a
negative impact on the environment through decreasing biodi-
versity, pollution and eutrophication of water, and degrading soil
quality2–4. Thus, there is the challenge to simultaneously enhance
global food security and to reduce the environmental impact of
agriculture.
Organic farming and conservation agriculture are two alter-
natives to conventional agriculture and are often promoted as
more environmentally friendly practices6–8. Organic agriculture is
deﬁned as having no synthetic inputs (no synthetic pesticides and
no mineral fertilisers)9,10, and a range of studies show that
organic farming enhances biodiversity and has reduced envir-
onmental impact6,8,11. Conservation agriculture represents a set
of three crop management principles: (A) direct planting of crops
with minimum soil disturbance (that is, reduced or no-tillage),
(B) permanent soil cover by crop residues or cover crops, and (C)
crop rotation12. Several studies indicate that conservation agri-
culture has a positive effect on soil quality and a range of soil
biota7,13,14.
So far, studies comparing organic or conservation agriculture
with conventional agriculture have tested whether organic agri-
culture or conservation agriculture differ in yield, biodiversity or
environmental services compared to conventional agriculture.
However, an important issue that is relevant for the discussion on
food security is that of yield stability (i.e., the variability of yield
across years). So far, it has not been tested whether yield stability
in organic and conservation agriculture differs from that in
conventional agriculture.
The concept of yield stability was originally developed in plant
breeding15,16, but in recent years it has also received increased
interest from ecologists, especially in relation to the stability of
ecosystem functioning17,18. Yield stability can be measured in
various ways16. One way to measure temporal yield variability is
the standard deviation of yield across years. We refer to this as the
absolute stability. However, this measure does not account for the
differences in yield. Hence, various investigators have calculated
the coefﬁcient of variation, which divides the variability across
years (expressed as standard deviation) by the mean yield over the
same period17–20. In order to distinguish from absolute stability,
we refer to this as relative stability. Different from absolute sta-
bility, relative stability is scaled per unit yield produced. This
means that both the variability across years and the mean yield
level inﬂuence relative yield stability (e.g., a treatment with
reduced yield but equal absolute stability (standard deviation) has
a reduced relative yield stability (greater coefﬁcient of variation)
because the amount of variation per unit yield is higher. Many
factors can cause yield of crop species to vary across years,
including differences in precipitation, temperature, pest out-
breaks, weed pressure, soil fertility, soil structure and agricultural
management10.
Two recent meta-analyses compared the yield of conventional
agriculture with organic agriculture and conservation agriculture.
A study by Ponisio et al.21, building upon Seufert et al.22 and de
Ponti et al.23, compared 1071 paired yield observations of
115 studies and showed that organically managed ﬁelds have on
average 19.2% less yield compared to conventionally managed
ﬁelds. It was further observed that the yield gap between organic
and conventional agriculture depends on crop species, and it was
lower when both systems used crop rotations or received similar
amounts of fertiliser. Another recent meta-analysis by Pittelkow
et al.12 compared no-tillage, the original and central concept of
conservation agriculture, with conventional tillage and observed
that no-tillage on average reduced yields by 5.7% compared to
conventional tillage. The effects were variable, depended on crop
species12 and under certain conditions no-tillage produced
equivalent or even greater yields than conventional tillage.
We applied a meta-analysis procedure using the datasets by
Ponisio et al.21 and Pittelkow et al.12 and compared temporal
yield stability of (A) organic vs. conventional agriculture and, (B)
no-tillage vs. conventional tillage. We used 191 studies (39 studies
from Ponisio et al.12 and 154 studies from Pittelkow et al.21)
resulting in 532 multiple year observations that were based on
2896 comparisons. We demonstrate that relative yield stability of
organic agriculture, assessed per unit yield produced, is sig-
niﬁcantly lower compared to conventional agriculture. Moreover
absolute stability (i.e. the temporal variation in plant yield with-
out correcting for yield level) did not differ between organic and
conventional agriculture. Our analysis further indicates that
enhanced fertilisation and the application of green manure can
help to reduce the yield stability gap with conventional agri-
culture and reduce relative yield stability in organic agriculture.
We further show that no-tillage and conventionally tilled systems
have similar yield stability, especially in dry climates and on ﬁelds
with residue retention and crop rotation.
Results
Yield stability of organic and conventional agriculture. We
used the dataset of Ponisio et al.12 to compare temporal yield
stability of organic and conventional agriculture. Our analysis
demonstrates that the relative yield stability (i.e., yield stability
per unit yield produced) in conventionally managed ﬁelds was,
averaged across all crops, 15% [2–30%] higher compared to
organically managed ﬁelds, and this difference was signiﬁcant
(Fig. 1). A closer look at the data further conﬁrmed this, and out
of the 165 multiple year comparisons (observations) in the
dataset, 79% (131 observations) had higher relative stability in
conventionally managed ﬁelds (Fig. 2). We observed no sig-
niﬁcant difference in absolute stability between organic and
conventional agriculture (Fig. 1) demonstrating that the overall
temporal variability in yield, independent of yield level, was
similar between organic and conventional agriculture.
We observed a signiﬁcantly increased relative yield stability
under conventional management for two (soybean and barley)
out of ﬁve crop species for which enough data (>10 comparisons)
were available (Fig. 1). Interestingly, a signiﬁcant difference in
absolute stability (i.e., not corrected for yield level) was only
observed for soybean. The absolute stability of soybean was
higher in conventionally managed ﬁelds compared to organically
managed ﬁelds. Results for many other crop species were highly
variable (Supplementary Table 1) and should be interpreted
carefully because few data (often only one or two comparisons)
were available.
We evaluated the effects of other factors on yield stability, and
our analysis indicated that the increased relative and absolute
yield stability of conventional management was related to
differences in N-fertilisation (Fig. 3). If organically and
conventionally managed ﬁelds received similar amounts of
nitrogen fertiliser, relative yield stability did not vary signiﬁcantly
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between both management systems; although it was still lower
(9%) in organically managed systems. However, if organically
managed ﬁelds received less nitrogen, the relative yield stability
was much lower (42% [−11% to −81%]) compared to
conventionally managed ﬁelds. This indicates that the increased
relative stability of conventionally agriculture is, in part, due to
higher fertilisation levels and related to the higher yield. Still, even
with equal amounts of nitrogen fertilisation, organic agriculture
had a signiﬁcantly lower yield (12% [−2% to −21%]); although
this difference was less than for the overall dataset where it was
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Fig. 2 Histograms for yield and yield stability ratios. a, b Mean yield ratios. c, d Absolute stability ratios. e, f Relative stability ratios for the dataset
comparing organic (OA) and conventional agriculture (CA) (a, c, e) and the dataset comparing no-tillage (NT) and conventional tillage (CT)
(b, d, f), respectively. The ratios on the x-axis are on the ln-scale
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Fig. 1 Yield and yield stability comparing organic and conventional agriculture. a Mean yield ratio. b Absolute stability ratio. c Relative stability ratio for
organic (OA) vs. conventional (CA) agriculture for all crops (Overall) and for crops, for which at least 10 observations were available. Numbers in
parentheses denote the number of observations and studies. A ratio of 1 means that there is no difference between organic and conventional managed
systems while values <1 indicate higher yield for conventional agriculture. For both stability measures a ratio >1 indicate greater absolute and relative
stability for conventional agriculture. Values are mean effect sizes with 95% conﬁdential intervals. Mean yield or stability were deemed signiﬁcantly
different between organic and conventional agriculture if the 95% conﬁdential intervals of the ratios did not overlap one
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16% [−10% to −22%] (Fig. 3). Interestingly, our analysis also
indicates that the level of P fertilisation inﬂuenced, in a similar
way to N, differences in yield and yield stability between organic
and conventional agriculture (Supplementary Fig. 1). Our
analysis further indicated that the addition of green manure
had a positive impact on yield and the relative yield stability of
organic agriculture (Supplementary Fig. 2).
Yield stability of conservation and conventional agriculture.
We used the dataset of Pittelkow et al.12 to compare temporal
yield stability of conservation agriculture (focusing on no-tillage)
and conventional agriculture. Our analysis indicated that both
absolute and relative yield stability did not differ between no-
tilled and conventionally tilled ﬁelds for the overall dataset and
for crop species with at least 10 observations (Fig. 4, see Sup-
plementary Table 2 for all species contained in the dataset).
We then tested whether the application of crop rotation and
residue management, two of the main conservation agriculture
principles, inﬂuenced yield stability. The application of crop
rotation and residue management in no-tillage had, compared to
conventional tillage, no effect on absolute and relative stability
(Fig. 5). However, without crop rotation and residue manage-
ment, no-tillage had a 23% [−1% to −50%] reduced relative
stability compared to conventional tillage. This result has to be
interpreted carefully, as the group where none of the principles of
conservation agriculture was followed, was only based on 15
observations (11 studies).
We further tested whether effects of no-tillage and conven-
tional tillage on yield stability depended on climate conditions,
comparing dry and humid climate. There was no difference in
absolute stability between dry and humid climate and also no
difference in relative stability in dry conditions. In contrast, in
humid climates, conventionally tilled ﬁelds had higher relative
yield stability (Supplementary Fig. 3).
Discussion
Our work adds a new perspective to earlier meta-analyses12,21
and reveals the effects of different cropping systems on the
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Fig. 3 Effect of nitrogen input on yield and yield stability comparing organic and conventional agriculture. a Mean yield ratio. b Absolute stability ratio.
c Relative stability ratio for organic (OA) vs. conventional (CA) agriculture for different levels of nitrogen input. Numbers in parentheses denote the
number of observations and studies. A ratio of 1 means that there is no difference between organic and conventional managed systems while values <1
indicate higher yield for conventional agriculture. For both stability measures a ratio >1 indicate greater absolute and relative stability for conventional
agriculture. Values are mean effect sizes with 95% conﬁdential intervals. Mean yield or stability were deemed signiﬁcantly different between organic and
conventional agriculture if the 95% conﬁdential intervals of the ratios did not overlap one
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Fig. 4 Yield and yield stability comparing no-tillage and conventional tillage. a Mean yield ratio. b Absolute stability ratio. c Relative stability ratio of no-
tillage (NT) vs. conventional tillage (CT) for all crops (Overall) and for crops, for which at least 10 observations were available. Numbers in parentheses
denote the number of observations and studies. A ratio of 1 means that there is no difference between no-tillage and conventional tillage while a value <1
indicates higher yield for conventional tillage. For both stability measures ratios >1 indicate greater stability for conventional tillage. Values are mean effect
sizes with 95% conﬁdential intervals. Mean yield or stability were deemed signiﬁcantly different between no-tillage and conventional tillage if the 95%
conﬁdential intervals of the ratios did not overlap one
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variability and reliability of food production across years (e.g.,
temporal yield stability). Our analysis demonstrated that con-
ventional agriculture has, on average, and per unit food produced,
a higher relative yield stability compared to organic agriculture.
Yield stability depended on crop species and nutrient manage-
ment. Notably, the absolute stability of crop yield was the same in
organic and conventional agriculture. However, relative stability,
which is the temporal variation per unit yield produced, was
signiﬁcantly higher under organic agriculture due to reduced
yields in organic agriculture. Thus, per unit food produced, there
is higher temporal variation in yield in organic agriculture.
Enhanced fertilisation and the application of green manure
were identiﬁed as tools to reduce the yield stability gap of organic
agriculture with conventional agriculture (Fig. 3; Supplementary
Figs. 1 and 2). The observation that fertilisation enhances yield
stability is in agreement with Deguines et al.24 observing that
relative yield stability increased with increasing land use intensity.
Further experiments need to test whether enhanced fertilisation
can reduce the yield gap and enhance yield stability under organic
farming. Recommendations for enhanced fertilisation would rely
on the assumption that sufﬁcient organic fertilisers are available
(e.g., see Muller et al.25, but see Connor26). Moreover, it is
important to note that increased fertilisation may raise additional
environmental concerns, including the loss of nutrients through
leaching and subsequently, enhanced levels of nitrate in drinking
water or enhanced production of the greenhouse gas N2O27. The
positive effect of green manure on yield stability is in agreement
with a recent study that showed that green manure (e.g. cover
crops) are especially suitable to enhance yields in less intensive
cropping systems, such as organic agriculture28.
The reasons for reduced relative yield stability under organic
farming can be manifold and include, beside fertilisation level,
enhanced disease pressure (and fewer opportunities to rapidly
control pests with pesticides). Also, the timing of fertilisation
inﬂuences plant yield, and appropriate timing is more difﬁcult
with organic fertilisers because nutrient release is delayed com-
pared to readily available mineral fertilisers in conventional
agriculture. Moreover, past and current breeding programs have
largely focused on high-yielding varieties adapted to work well
with conventional inputs21 and there has been little selection for
traits being important in organic agriculture (e.g. increased dis-
ease resistance, enhanced cooperation with plant symbionts,
better weed suppressing abilities or higher resistance and com-
petitive ability against weeds).
Compared to conventional agriculture, organic agriculture
generally has a positive effect on a range of environmental factors,
including above and belowground biodiversity8,29–31, soil carbon
stocks32 and soil quality10. Moreover, organic farming can reduce
soil erosion33 and has a reduced global warming potential34.
However, higher productivity and increased relative stability in
conventional agriculture are strengths compared to organic
agriculture. Thus, in order to beneﬁt from the strengths of
organic farming (e.g., reduced environmental impact and
enhanced biodiversity) a multifaceted strategy is necessary to
improve its yield and relative yield stability. Such a strategy
should focus on enhanced plant nutrition (see above), breeding,
weed and disease control, and consider the use of state of the art
technologies including precision farming, remote sensing (e.g.,
through drones or satellites) to detect disease or nutrient deﬁ-
ciency, and robotics (e.g., for weed control)35. Moreover, mea-
sures such as the inclusion of cover crops (see above) or active
stimulation of soil life through soil ecological engineering are
especially promising for lower intensity systems such as organic
agriculture, and this can further help to reduce the yield gap and
the yield stability gap between organic and conventional
systems11,28. Further studies also need to assess how environ-
mental stresses, such as drought or the negative effects of climate
change, inﬂuence yield stability in organic and conventional
production systems. Finally, when comparing organic and con-
ventional agriculture, it is important to provide an ‘output and
input footprint’ and assess the overall impact of organic and
conventional farming practices, including yield, yield stability,
energy use, pesticide use, fertiliser use, and overall environmental
performance.
Absolute and relative yield stability on average did not vary
between no-tillage and conventional tillage indicating that a
transition to no-tillage generally does not affect yield stability.
Interestingly however, yield and yield stability were affected by
climate and no-tillage systems in humid climate had a reduced
yield and yield stability compared to dry climate. These differ-
ences are probably due to better soil water retention and slightly
higher yields of no-tilled soils in dry climate vs. the negative
effects of delayed soil warming, nutrient mineralization and
reduced soil aeration in no-tilled, wet and heavy soils7,36. Note
that selection and breeding of crops varieties for conservation
agriculture is not yet widespread37. Hence, further breeding
efforts may enhance yield and yield stability in conservation
agriculture.
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Fig. 5 Effect of crop rotation and residue retention on yield and yield stability comparing no-tillage and conventional tillage. a Mean yield ratio. b Absolute
stability ratio. c Relative stability ratio of no-tillage (NT) vs. conventional tillage (CT) for subcategories of observations regarding residue retention (RR)
and crop rotation (CR):+RR+CR (residue retention and crop rotation), +RR (only residue retention), +CR (only crop rotation), or –RR–CR (without residue
retention or crop rotation). Numbers in parentheses denote the number of observations and studies. A ratio of 1 means that there is no difference between
no-tillage and conventional tillage while values <1 indicate higher yield for conventional tillage. For both stability measures values >1 indicate greater
stability for conventional tillage. Values are mean effect sizes with 95% conﬁdential intervals. Mean yield or stability were deemed signiﬁcantly different
between no-tillage and conventional tillage if the 95% conﬁdential intervals of the ratios did not overlap one
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In our analysis, we employed two different stability measures:
absolute stability (measured by the standard deviation in yield
across the investigated years) and relative stability, which corrects
for yield (measured by the coefﬁcient of variation). While there
was a signiﬁcant difference for relative stability between organic
and conventional agriculture, there was no signiﬁcant difference
for absolute stability (Fig. 1). This was also indicated by the
negative relationship between the mean yield ratio and relative
stability ratio (meaning that relative yield stability increased with
increasing yield) (Fig. 6). Hence, the reduced relative stability in
organic agriculture is most likely related to reduced mean yield.
The absence of a correlation between the absolute stability ratio
and the mean yield ratio in the dataset suggests that absolute
stability is less affected by yield level. A similar negative rela-
tionship between the coefﬁcient of variation and mean yield has
been shown previously by Döring et al.38. They associated this
with Taylor’s power law39, which predicts that the natural loga-
rithm of the variance is proportional to the natural logarithm of
the mean. This can lead to a spurious negative relationship of the
coefﬁcient of variation and the mean. We therefore investigated
the relationship between both stability measures and mean yield,
and found that in both datasets absolute stability is not related to
the mean yield and relative stability is inversely related to the
mean yield (see Supplementary Note 1, Supplementary Figs. 4
and 5). The coefﬁcient of variation has been used extensively to
quantify stability16,17,40,41, but its relationship to the mean yield
has rarely been investigated38. In light of this, we stress the
importance—also for future studies—of distinguishing between
relative and absolute stability and, in particular, comparing the
relationship to the mean when interpreting results.
The estimated yield gap between organic and conventional
agriculture in this study (16%) was slightly smaller than the 19%
estimated by Ponisio et al.21. This is because we only used 41% of
the observations (and 34% of the studies). In our analysis we only
included comparisons with a minimum of 4 years of observation
per crop (see Methods) explaining this lower number. This
approach was necessary in order to be able to calculate the year-
to-year temporal variation, which is necessary for a robust
assessment of yield stability. Similarly, Pittelkow et al.12 demon-
strated that, on average, no-tillage reduced yield by 5.7% com-
pared to conventionally tilled ﬁelds, while we only observed a
difference of 2% [−1% to −4%] (Fig. 4) using 45% of the
observations (and 25% of the studies) used in the original ana-
lysis. The advantage of our approach is that short-term studies are
removed. This reduces the effect of extreme outlier years and
generally provides a more robust analysis of differences between
these cropping systems. Moreover, this approach also reduces
potential transition effects of previous management (e.g. plant
yield levels of organic ﬁelds that had previously been managed
conventionally might be higher because such ﬁelds generally still
contain enhanced nutrient levels).
For our meta-analysis, we used a different model approach
compared to Pittelkow et al.12 and this may further explain some
of the observed differences with that study. Pittelkow et al.12
applied a weighted mean calculation with bootstrapping, which
does not account for the nested structure in the dataset, and leads
to non-independence of observations. We corrected for the nes-
ted structure of observations derived from the same study by
adding a random study effect and by combining observations of
several years into multiple year observations. Note, that the
datasets used for this study are still based on relatively short-term
experiments, i.e. observations with a duration of 4 or 5 years
represent 60% of all observations in the dataset for no-tillage and
39% for organic agriculture (Supplementary Fig. 6), pointing to
the need for long-term experiments.
It is important to mention that our meta-analysis uses data
from diverse systems, geographic areas, and crop species. For
instance, the reduced relative yield stability of organically man-
aged ﬁelds provides an average response. Studies that aim to
enhance yield stability or reduce the yield gap for organic agri-
culture should evaluate those experiments and conditions where
yield or yield stability are higher (or not lower) under organic
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Fig. 6 Relationship between mean yield ratio and stability ratios. a, b Relationship of the mean yield ratio to the absolute stability ratio. c, d Relationship of
the mean yield ratio to the relative stability ratio for the dataset comparing organic (OA) and conventional agriculture (CA) (a, c) and the dataset
comparing no-tillage (NT) and conventional tillage (CT) (b, d), respectively. Each dot represents one multiple year observation (MYO) and ratios are on
the natural log scale. The regression line was ﬁtted on log-transformed values, i.e. log(y)= a+ b × log(x), where y was the respective stability ratio and x
was the mean yield ratio. ***denote signiﬁcance at P < 0.001 for a t-test with H0: b= 0, and n.s. denotes non-signiﬁcant (P > 0.05)
ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-05956-1
6 NATURE COMMUNICATIONS |  (2018) 9:3632 | DOI: 10.1038/s41467-018-05956-1 | www.nature.com/naturecommunications
agriculture40 and investigate the causes (e.g. soil type, ﬁeld
management, land use intensity, crop varieties, etc.). Similarly, it
is important to investigate under which conditions no-tillage has
the most beneﬁcial effects on yield and yield stability.
Our analysis is based on ﬁeld-scale measurements, and it did
not assess yield stability at the farm scale (with a range of crops
planted in different ﬁelds) or at a regional, national or global
scale. To enhance the overall farm level yield stability, farmers
could cultivate different crops in different ﬁelds (e.g. this reduces
the impact of poorly performing crop species at one particular
ﬁeld). Another important strategy to achieve increased yield
stability is to grow mixtures of crop species or mixtures of gen-
otypes to exploit positive interaction effects and thus reduce the
risk of crop failure42,43. Further modelling and work at different
scales (e.g., farm, regional, national and global) is necessary to
understand how farmers and policy makers can enhance the
stability of the food supply. For instance, farm specialisation and
the growing of a few crops may lead to increased regional syn-
chrony, increasing the risk of regional crop failures because of
climate or pest/disease outbreaks (examples are e.g., wheat yield
losses in Australia (2006) or Russia (2010)). Beside temporal yield
stability, there are other measures to evaluate management sys-
tems, such as, the resilience of different farming practices to
disturbance or climate change or the ability of a particular system
to produce enough food or income.
Overall, this work provides further information about the
performance of organic and conservation agriculture. The
assessment of yield stability and the resilience of cropping sys-
tems to environmental variability should receive increased
attention because reliable agricultural production is a key issue in
light of the growing world population and enhanced demands for
food. Moreover, climate change and the predicted increase of
extreme weather events will provide additional challenges for
stable food production.
Methods
Data generation. We used two datasets: (1) a dataset on organic farming by
Ponisio et al.21 comparing the yields of organic and conventional farming and (2) a
dataset on no-tillage by Pittelkow et al.12 comparing the yields of no-tillage and
conventional tillage. Both datasets were generated for meta-analysis studies,
comprising data from published experiments, and were published as supplemental
material. Only ﬁeld experiments containing side-by-side yield comparisons were
included in the database to ensure comparability of the cropping system treat-
ments. Because the focus of this study was on temporal yield stability, i.e., annual
variability across years, single year comparisons from the original datasets were
combined in order to create observations that were based on several years for each
crop investigated (i.e., multiple year observations (MYO)). We focused on studies
with a minimum of 4 years of observation for the same crop, thus excluding short-
term studies.
Dataset on organic agriculture. The original dataset from Ponisio et al.21 was
modiﬁed in order to calculate temporal yield stability across years. In order to do
this we performed the following steps: First, we corrected a number of minor errors
in the original dataset (Supplementary Table 3). Second, we removed all com-
parisons where the years of observations were not the same for organic and con-
ventional farming. Third, in order to calculate the standard deviation across years,
multiple year observations (MYO) had to be compiled: Comparisons from the
same experiment that originated from single years were combined into MYOs (for
examples see Supplementary Table 4, Supplementary Fig. 7), and comparisons
where the collected error term was the variance across years were used as they
were. Fourth, MYOs that contained more than one observation from the same year
were removed. Fifth, comparisons based on units which could not be transformed
to tonnes ha−1 (i.e., lb plant−1, boxes ha−1, kg plant−1, bales ha−1, trays ha−1,
bales ha−1, kg (square centimetre of limb cross-sectional area)−1, ka ha−1, g, kg
tree−1, kg Fw plant−1) were removed (this affected a total of 19 comparisons).
Sixth, in order to have a robust estimate of the temporal yield stability, we required
a minimum of 4 years of observation for each MYO and thus all comparisons based
on <4 observations were removed. Finally, when investigating the standardized
residuals one extreme outlier was detected and was removed to achieve normal
distribution of residuals (Supplementary Fig. 8).
After these steps, the ﬁnal dataset on organic agriculture contained 165 multiple
year observations from 39 studies that were based on 443 comparisons from the
original dataset.
Dataset on no-tillage. The original dataset from Pittelkow et al.12 was processed
in the same way as mentioned above for the dataset of Ponisio et al.21 with the
following additions: Comparisons containing a zero (i.e., no yield data available)
for either no-tillage or conventional tillage were removed. As we used the duration
value as year of observation, all comparisons containing NA in the ‘study duration’
column were removed. Similarly to the approach for the dataset by Ponisio et al.21,
MYOs were created by combining comparisons of different years from the same
experiments. However, when creating the MYOs, we observed that for some
comparisons the number of rows per MYO was greater than the duration length
(see column subtreatments in Supplementary Table 5). After we compared these
observations with the original publications, it was clear that these MYOs were
derived from different subtreatments. Single observations used for creating MYOs
were thus either collected in subsequent or alternating order (see column order in
Supplementary Table 5). In order to separate subtreatments within MYOs the
number of rows needed to be in agreement with the duration of the study, and all
MYOs that did not fulﬁl these criteria were removed. The remaining MYOs
containing subtreatments were then further split into separate MYOs (column
MYO in Supplementary Table 5). Similarly to the dataset on organic agriculture,
standardized residuals were investigated and two extreme outliers were removed
(Supplementary Fig. 9).
In the end, the ﬁnal dataset on conservation tillage contained 367 multiple year
observations from 154 studies that were based on 2453 comparisons from the
original dataset.
Statistical analysis. After the creation of the multiple year observations, for each
MYO the mean yield (X), standard deviation (SD) and number of years of
observation (N) was available for the experimental (e) and the control (c) treat-
ment. In the dataset on organic farming, the organic treatment was used as the
experimental treatment, and the conventional treatment was used as the control
treatment. In the dataset on no-tillage, the no-tillage treatment was used as the
experimental treatment, and the conventional tillage treatment was used as the
control treatment.
In order to determine the overall difference in mean yield we used the log
response ratio (expressed as mean yield ratio) as effect size, which is the natural log
of the ratio of the mean yield of both cropping systems44. The log-transformation
has the property to produce normally distributed data45. Following Nakagawa
et al.46 we used the two following measures to asses temporal stability: (1) the
‘absolute stability ratio’, which is based on the standard deviation of both
treatments as an indicator for variability, and (2) the ‘relative stability ratio’, which
is based on the coefﬁcient of variation (CV: standard deviation across years divided
by the mean across those years) of both treatments as indicator for variability.
Therefore, in the latter measure the variability is standardized per unit yield (i.e.,
the variability relative to the yield level).
For each of the three measures, the ratio was calculated by dividing the
respective response of the experimental treatment (organic farming or no-tillage)
by the respective response of the control treatment (conventional farming or tillage,
respectively). A ratio greater than one indicates greater yield or greater variability
(i.e., reduced stability), respectively, for the experimental treatment. The equations
for the respective responses were:
lnðmean yield ratioÞ ¼ ln Xe
Xc
 
; ð1Þ
lnðabsolute stability ratioÞ ¼ ln SDeSDc
 
þ 12 Ne1ð Þ 
1
2 Nc1ð Þ, which simpliﬁes with
Ne ¼ Nc to
lnðabsolute stability ratioÞ ¼ ln SDe
SDc
 
; ð2Þ
lnðrelative stability ratioÞ ¼ ln CVeCVc
 
þ 12 Ne1ð Þ 
1
2 Nc1ð Þ, which again simpliﬁes to
lnðrelative stability ratioÞ ¼ ln CVe
CVc
 
; ð3Þ
with CVe ¼ SDeXe
 
and CVc ¼ SDcXc
 
.
In order to account for the sampling uncertainty in each observation we used
the sampling variances as proposed in Nakagawa et al.46. Through the inclusion of
the sampling variance observations with better sampling quality (lower sampling
variance) receive a greater weight in the analysis. Following Nakagawa et al.46 the
equations for the sampling variances for three different response ratios were as
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follows:
varðlnðmean yield ratioÞÞ ¼ SD
2
e
NeX2e
þ SD
2
c
NcX2c
; ð4Þ
varðlnðabsolute stability ratioÞÞ ¼ 1
2 Ne  1ð Þ
þ 1
2 Nc  1ð Þ
; ð5Þ
varðlnðrelative stability ratioÞÞ ¼ SD
2
e
NeX2e
þ 1
2 Ne  1ð Þ
þ SD
2
c
NcX2c
þ 1
2 Nc  1ð Þ
: ð6Þ
Note that we modiﬁed the equation for the sampling variance of the relative
stability ratio, because for normally distributed data the variance and the mean are
not correlated. Calculations were performed as implemented in the metaphor
package.
As some observations shared common control or experimental treatments, we
employed a 0. (VC) matrix to correct for correlations among observations
following Lajeunesse47. When multiple treatments share a common control or
common experimental treatment, the assumption of independence is violated.
Thus, the effects should be aggregated by using an appropriate variance–covariance
matrix. When all observations are independent, this variance–covariance matrix
only holds the variance on the diagonal. Following Lajeunesse47, for two
experimental treatments A and B, which have both been compared to the same
control treatment C, the variance–covariance matrix holds the variance of the
comparisons of A to C (resp. B, C) on the diagonal and the variance of the log of
the mean of the control treatment (var ln Xcð Þð Þ ¼ SD
2
c
NcX2c
) on the off-diagonal:
VCðlnðmean yield ratioÞÞ ¼
SD2c
NcX2c
þ SD2ANAX2A
SD2c
NcX
2
c
SD2c
NcX2c
SD2c
NcX2c
þ SD2BNBX2B
2
4
3
5: ð7Þ
For the responses absolute stability ratio and relative stability ratio, the
respective sampling variance–covariance matrices are then:
VCðlnðabsolute stability ratioÞÞ ¼
1
2 Nc1ð Þ þ
1
2 NA1ð Þ
1
2 Nc1ð Þ
1
2 Nc1ð Þ
1
2 Nc1ð Þ þ
1
2 NB1ð Þ
" #
: ð8Þ
VCðlnðrelative stability ratioÞÞ ¼
SD2c
NcX2c
þ 12 Nc1ð Þ þ
SD2A
NAX
2
A
þ 12 NA1ð Þ
SD2c
NcX2c
þ 12 Nc1ð Þ
SD2c
NcX2c
þ 12 Nc1ð Þ
SD2c
NcX2c
þ 12 Nc1ð Þ þ
SD2B
NBX
2
B
þ 12 NB1ð Þ
2
4
3
5 ð9Þ
For the generation of the variance–covariance matrix we used a modiﬁed
version of the covariance_commonControl() function from the metagear
package48. When testing the effect of moderators (see below), the structure of
common control or experimental treatments changed because observations within
studies were derived from different levels of the moderator variable. Therefore, a
new variance–covariance matrix was created for each moderator.
We employed a mixed model approach using the rma.mv() function from the
metafor package in R49 with REML estimation. To account for variation between
studies, a random effect for study was included, and the respective sampling
variances (as described above) were included. To estimate the overall effect, a
mixed model containing only a ﬁxed intercept and the random study effect was
run.
Both datasets contained additional explanatory variables (e.g., crop species or
information on management practices such as fertilisation level or the use of green
manure). These explanatory variables (moderators) were tested with a separate
model for each variable, in which the variable was included as a categorical, ﬁxed
effect variable. In order to get the average estimates of the factor levels of the
moderator variables, a model was ﬁtted without the intercept. For both, the overall
effect and average estimates of the factor levels, 95% conﬁdence intervals, as
provided by the rma.mv() function for the coefﬁcients, were used to test the
signiﬁcant difference from 1. All calculations were done with the R statistical
package50.
Data availability
The original dataset by Ponisio et al.21 was downloaded from the Dryad Digital Repo-
sitory (https://doi.org/10.5061/dryad.hf305) and the original dataset by Pittelkow et al.12
was obtained from supplemental material on the journal’s homepage. The datasets and
the R-script for the mixed-model analysis generated during the current study are
available in the Figshare repository (https://doi.org/10.6084/m9.ﬁgshare.6743798).
Received: 14 July 2017 Accepted: 20 July 2018
References
1. Godfray, H. C. J. et al. Food security: the challenge of feeding 9 billion people.
Science 327, 812–818 (2010).
2. Foley, J. A. et al. Solutions for a cultivated planet. Nature 478, 337–342 (2011).
3. Tilman, D., Balzer, C., Hill, J. & Befort, B. L. Global food demand and the
sustainable intensiﬁcation of agriculture. Proc. Natl Acad. Sci. USA 108,
20260–20264 (2011).
4. Godfray, H. C. J. & Garnett, T. Food security and sustainable intensiﬁcation.
Philos. Trans. R. Soc. Lond. B Biol. Sci. 369, 20120273 (2014).
5. Schmidhuber, J., & Tubiello, F. N. Global food security under climate change.
Proc. Natl Acad. Sci. USA 104, 19703–19708 (2007).
6. Mäder, P. et al. Soil fertility and biodiversity in organic farming. Science 296,
1694–1697 (2002).
7. Hobbs, P. R., Sayre, K. & Gupta, R. The role of conservation agriculture in
sustainable agriculture. Philos. Trans. R. Soc. Lond. B Biol. Sci. 363, 543–555
(2008).
8. Tuck, S. L. et al. Land-use intensity and the effects of organic farming on
biodiversity: a hierarchical meta-analysis. J. Appl. Ecol. 51, 746–755 (2014).
9. Reganold, J. P. & Wachter, J. M. Organic agriculture in the twenty-ﬁrst
century. Nat. Plants 2, 15221 (2016).
10. Seufert, V. & Ramankutty, N. Many shades of gray—the context-dependent
performance of organic agriculture. Sci. Adv. 3, e1602638 (2017).
11. Bender, S. F., Wagg, C. & van der Heijden, M. G. A. An underground
revolution: biodiversity and soil ecological engineering for agricultural
sustainability. Trends Ecol. Evol. 31, 440–452 (2016).
12. Pittelkow, C. M. et al. Productivity limits and potentials of the principles of
conservation agriculture. Nature 517, 365–368 (2015).
13. Köhl, L., Oehl, F. & van der Heijden, M. G. A. Agricultural practices indirectly
inﬂuence plant productivity and ecosystem services through effects on soil
biota. Ecol. Appl. 24, 1842–1853 (2014).
14. Briones, M. J. I. & Schmidt, O. Conventional tillage decreases the abundance
and biomass of earthworms and alters their community structure in a global
meta‐analysis. Glob. Change Biol. 23, 4396–4419 (2017).
15. Becker, H. C. & Léon, J. Stability analysis in plant breeding. Plant Breed. 101,
1–23 (1988).
16. Lin, C.-S., Binns, M. R. & Lefkovitch, L. P. Stability analysis: where do we
stand? Crop Sci. 26, 894–900 (1986).
17. Tilman, D., Reich, P. B. & Knops, J. M. H. Biodiversity and ecosystem stability
in a decade-long grassland experiment. Nature 441, 629–632 (2006).
18. García-Palacios, P., Gross, N., Gaitán, J. & Maestre, F. T. Climate mediates the
biodiversity–ecosystem stability relationship globally. Proc. Natl Acad. Sci.
https://doi.org/10.1073/pnas.1800425115 (2018).
19. Hautier, Y. et al. Anthropogenic environmental changes affect ecosystem
stability via biodiversity. Science 348, 336–340 (2015).
20. Raseduzzaman, M. & Jensen, E. S. Does intercropping enhance yield stability
in arable crop production? A meta-analysis. Eur. J. Agron. 91, 25–33 (2017).
21. Ponisio, L. C. et al. Diversiﬁcation practices reduce organic to conventional
yield gap. Proc. R. Soc. Lond. B: Biol. Sci. 282, 20141396 (2015).
22. Seufert, V., Ramankutty, N. & Foley, J. A. Comparing the yields of organic and
conventional agriculture. Nature 485, 229–232 (2012).
23. de Ponti, T., Rijk, B. & van Ittersum, M. K. The crop yield gap between
organic and conventional agriculture. Agric. Syst. 108, 1–9 (2012).
24. Deguines, N. et al. Large-scale trade-off between agricultural intensiﬁcation
and crop pollination services. Front. Ecol. Environ. 12, 212–217 (2014).
25. Muller, A. et al. Strategies for feeding the world more sustainably with organic
agriculture. Nat. Commun. 8, 1290 (2017).
26. Connor, D. J. Organic agriculture and food security: a decade of unreason
ﬁnally implodes. Field Crops Res. 225, 128–129 (2018).
27. Galloway, J. N. et al. The nitrogen cascade. Bioscience 53, 341–356 (2003).
28. Wittwer, R. A., Dorn, B., Jossi, W. & van der Heijden, M. G. A. Cover crops
support ecological intensiﬁcation of arable cropping systems. Sci. Rep. 7,
41911 (2017).
29. Birkhofer, K. et al. Long-term organic farming fosters below and aboveground
biota: implications for soil quality, biological control and productivity. Soil
Biol. Biochem. 40, 2297–2308 (2008).
30. Verbruggen, E. et al. Positive effects of organic farming on below-ground
mutualists: large-scale comparison of mycorrhizal fungal communities in
agricultural soils. New Phytol. 186, 968–979 (2010).
31. Lichtenberg, E. M. et al. A global synthesis of the effects of diversiﬁed farming
systems on arthropod diversity within ﬁelds and across agricultural
landscapes. Glob. Change Biol. 23, 4946–4957 (2017).
32. Gattinger, A. et al. Enhanced top soil carbon stocks under organic farming.
Proc. Natl Acad. Sci. USA 109, 18226–18231 (2012).
ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-05956-1
8 NATURE COMMUNICATIONS |  (2018) 9:3632 | DOI: 10.1038/s41467-018-05956-1 | www.nature.com/naturecommunications
33. Reganold, J. P., Elliott, L. F. & Unger, Y. L. Long-term effects of organic and
conventional farming on soil erosion. Nature 330, 370–372 (1987).
34. Prechsl, U. E. et al. Assessing the environmental impacts of cropping systems
and cover crops: life cycle assessment of FAST, a long-term arable farming
ﬁeld experiment. Agric. Syst. 157, 39–50 (2017).
35. Niggli, U., Willer, H. & Baker, B. A Global Vision and Strategy for Organic
Farming Research (TIPI - Technology Innovation Platform of IFOAM, 2016).
36. Martínez, I. et al. Two decades of no-till in the Oberacker long-term ﬁeld
experiment: part I. Crop yield, soil organic carbon and nutrient distribution in
the soil proﬁle. Soil Tillage Res. 163, 141–151 (2016).
37. Newton, A. C. et al. Soil tillage effects on the efﬁcacy of cultivars and their
mixtures in winter barley. Field Crops Res. 128, 91–100 (2012).
38. Döring, T. F., Knapp, S. & Cohen, J. E. Taylor’s power law and the stability of
crop yields. Field Crops Res. 183, 294–302 (2015).
39. Taylor, L. R. Aggregation, variance and the mean. Nature 189, 732 (1961).
40. Smith, R. G. & Gross, K. L. Weed community and corn yield variability in
diverse management systems. Weed Sci. 54, 106–113 (2006).
41. Schrama, M., de Haan, J. J., Kroonen, M., Verstegen, H. & Van der Putten, W.
H. Crop yield gap and stability in organic and conventional farming systems.
Agric. Ecosyst. Environ. 256, 123–130 (2018).
42. Litrico, I. & Violle, C. Diversity in plant breeding: a new conceptual
framework. Trends Plant. Sci. 20, 604–613 (2015).
43. Brooker, R. W. et al. Improving intercropping: a synthesis of research in
agronomy, plant physiology and ecology. New Phytol. 206, 107–117 (2015).
44. Gurevitch, J. & Hedges, L. V. in Design and Analysis of Ecological Experiments
(eds. Scheiner, S. M. & Gurevitch, J.) 347–369 (Oxford University Press, USA,
2001).
45. Hedges, L. V., Gurevitch, J. & Curtis, P. S. The meta-analysis of response ratios
in experimental ecology. Ecology 80, 1150–1156 (1999).
46. Nakagawa, S. et al. Meta-analysis of variation: ecological and evolutionary
applications and beyond. Methods Ecol. Evol. 6, 143–152 (2015).
47. Lajeunesse, M. J. On the meta-analysis of response ratios for studies with
correlated and multi-group designs. Ecology 92, 2049–2055 (2011).
48. Lajeunesse, M. J. Facilitating systematic reviews, data extraction and meta-
analysis with the metagear package for r. Methods Ecol. Evol. 7, 323–330 (2016).
49. Viechtbauer, W. Conducting meta-analyses in R with the metafor package. J.
Stat. Softw. 36, 1–48 (2010).
50. R Core Team. R: A Language and Environment for Statistical Computing
(R Foundation for Statistical Computing, 2018).
Acknowledgements
We would like to thank Fabian Scheipl for mathematical support and Raphael Wittwer,
Kyle Hartman and Thomas Döring, for constructive and helpful discussion and com-
ments on the manuscript. Funding was provided by Agroscope and the Swiss National
Science Foundation (grant number 166079).
Author contributions
S.K. and M.v.G.A.d.H. conceived and designed the study. S.K. performed the analysis. S.
K. and M.v.G.A.d.H. wrote the manuscript
Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
018-05956-1.
Competing interests: The authors declare no competing interests.
Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional afﬁliations.
Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.
© The Author(s) 2018
NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-05956-1 ARTICLE
NATURE COMMUNICATIONS |  (2018) 9:3632 | DOI: 10.1038/s41467-018-05956-1 | www.nature.com/naturecommunications 9
